Abstract Both size and structure of wastewater solids (biosolids) have been hypothesised to have an impact on the dewaterability of these solids yet very little data exists to validate this hypothesis or to elucidate the relative effects of size and structure. We have recently undertaken studies in which the size and structure of activated sludge flocs were altered in a controlled manner and the dewaterability of resultant flocs examined using the well established capillary suction time (CST) test. A small angle light scattering method was applied for the determination of activated sludge floc size and structure. The results obtained in this work show that floc structure is a major determinant of capillary suction time. In some instances, flocs have almost double the median (D(4,3) ) size but possess similar fractal dimensions and similar CST values.
Introduction
Sludge dewatering is one of the important operations in wastewater treatment plants. The influence of particle properties on dewatering behaviour has long been recognised (Dick and Ball, 1980; Rong and Hitchins, 1995) , and the most important are probably the effects of floc size distribution and floc structure (Li and Ganczarczyk, 1990; Besra et al., 2000) . However, very little data exists to elucidate the relative effects of size and structure. This research focuses on the relationship between size and structure of activated sludge flocs in the absence and presence of polymer conditioning and their effects on sludge dewaterability. A small angle light scattering method was applied for the determination of activated sludge floc size and structure (Guan et al., 1998) while the dewaterability was examined using the well established capillary suction time (CST) test (Gale and Baskerville, 1967; Baskerville and Gale, 1968; Chen et al., 1996) . The use of fractal descriptions for the structure of water and wastewater solids and application of light scattering has resulted in increased scope for incorporation of floc structure aspects into optimisation of various treatment processes including sludge dewatering.
Experimental methods

Sample procurement and characterization
Samples of biosolids were obtained from the St Marys wastewater treatment plant in the western suburbs of Sydney (Australia) and, whenever possible, were analysed on the day of collection. Cationic polymer (Zetag 92, Allied Colloids (Australia) Pty. Ltd) was added to induce significant alteration in biosolids structure. In these cases, a known amount of polymer was added to the biosolids sample and the mixture rapidly stirred (approximately G = 390/s ) for 0.5 minutes then gently stirred (G = 50/s) for 1 minute. The sample was then left to reach equilibrium for around 2 to 5 minutes after which size and structure characterisation was commenced. The polymer used in these studies is known to be of 10 6 -10 7 molecular weight and is made up of random co-polymers of acrylamide and dimethyl amino ethyl acrylate.
Separation of particles by gravity
Separation of aggregates into different size classes was undertaken by classification on the basis of settling rate. The sludge sample was mixed uniformly and poured gently into a 1.5 m column. After a certain period of settling, which depends on the sample settling velocity (30 minutes for sludge without polymer and 10 minutes for sludge with polymer), samples were collected from different levels using a small beaker. The aggregate size and fractal dimension of flocs in the removed aliquots were then measured within 2 to 5 minutes of separation.
Floc structure and size determination
The structure of biosolids aggregates (flocs) has been determined in all instances by static light scattering involving analysis of total scattered light intensity I as a function of wave vector Q where Q = (4πn/λ) sinθ/2, n is the refractive index of the medium, λ the wavelength and θ the scattering angle. For fractal aggregates scattering independently, the total scattered intensity will exhibit a power law dependency on Q, i.e. I µ Q -dF , provided the length scale of analysis is much larger than the primary particle size (R o ) and much smaller than the size of the aggregates under investigation (R) (Schmidt, 1989) 
This regime is known as the fractal regime where the mass fractal dimension (dF) reflects the internal structure of the fractal clusters. As the length scale corresponding to the Q value approaches the aggregate size (Q ≅ 1/R), the Q -dF relationship commences to be influenced by the edge of the aggregate, and hence the structure cannot be simply determined in such regions. At Q << 1/R, the scattering intensity is free from the effects of aggregate structure and is only a function of the linear measure of the cluster size. The assumption that the elementary units scatter independently is critical to reliable determination of the fractal dimension. The Rayleigh-Gans-Debye (RGD) approximation states that scatterers may be considered independent (i.e. second and higher order scattering is negligible) if the conditions are
where L is the length of the scattering body and m is the relative refractive index of the scatterers. As shown by Farias et al. (1996) , these limits are relatively conservative with the scattered intensity predicted by RGD accurate to within 10% for:
Since the refractive index of biosolids is expected to be close to that of water (< 1.05), it would appear that RGD conditions are satisfied over a considerable size range (Guan et al., 1998) . Static light scattering can be applied to particles in the "post-colloidal" (micrometre)
size range but the intensity of light scattered at small angles from the incident beam must be measured (Jung et al., 1995) . This has been achieved in the studies reported here using a Malvern Mastersizer/E which enables measurement of forward scattered light as a function of scattering angle. The Mastersizer consists of a 5 mW He-Ne laser (632.8 nm wavelength) beam which passes through the sample and is scattered with scattering intensity as a function of angle determined by the size and spatial arrangements of the particles. An array of 31 photo-sensitive detectors is used to collect light scattered at angles from 0.03°to 6.25°. Size distribution information was obtained using the supplied software in which Mie theory is used to develop a scattering pattern (based on scattering from spheres of refractive index 1.5) that best matches the scattering pattern of the sample under investigation. The fitting procedure is a model-independent technique. In this paper, we use the mean diameter over the volume distribution as a measure of average particle size.
Capillary suction time measurement
The capillary suction time (CST) is the time required for the filtrate of sludge to flow by capillary suction pressure outwardly between two concentric circles on a filter paper (Gale and Baskerville, 1967; Baskerville and Gale, 1968) . A Triton Electronics WRC Multipurpose Filtration Unit TW 166 and standard CST papers also supplied by Triton were used to measure CST. The diameter of the sludge cylinder was 19 mm. The normalised CST results were obtained by dividing the measured CST by the percentage of solids in the sample.
Results and discussion
Floc size and structure for non-conditioned and conditioned sludge samples Synthetic polymers are widely used in wastewater treatment to improve the dewatering ability of biosolids. Improvements in dewatering process efficiencies result from the alteration induced in size and structure of the biosolids assemblages as a result of polymer addition. The change in structure of flocs on addition of increasing doses of cationic polymer is reflected in an ordered decrease in fractal dimension and corresponds to an increasing "openness" of the aggregates as added polymer strengthens interparticle linkages. The size and fractal dimension of sludge flocs resulting on increasing doses of polymer are shown in Table 1 .
Increasing polymer dose is observed to result in the generation of larger flocs of more open structure with fractal dimensions decreasing from 2.19 in the absence of polymer to around 1.76 in the presence of 0.6% polymer. As can be seen from the next section, cationic polymer addition significantly improves sludge dewaterability with the CST decreasing significantly for even small doses of polymer.
Sludge dewaterability improvement by addition of cationic polymer
The improvement of sludge dewaterability (as measured by the CST test) that results from addition of cationic polymer can be clearly seen in Figure 1 . Combining the results shown in Table 1 and Figure 1 , it would appear reasonable to conclude that an increase in floc size and decrease in fractal dimension of sludge flocs are associated with a decrease in capillary suction time. It is unclear from the results presented, whether the CST value is influenced by both floc size and structure or whether one parameter has a stronger influence on CST than the other.
Effect of floc structure on sludge dewaterability
To understand the relative effects of floc size and structure on dewaterability, measurements of size, structure and CST of size-separated flocs were carried out. Figure 2 shows that the relative effects of floc size and structure on CST in the absence of polymer conditioning and, in subsequent plots, shows the effects of size and structure of sludge flocs with polymer conditioning. All data used in these plots are given in Table 2 .
When no polymer was added, sludge particles could be separated by gravity into mean sizes over a range of 70 to 100 µm. In this size range, fractal dimension and CST values vary by about 0.04 and 8.0 sec/wt%, respectively; that is, very little change in fractal dimension or CST values is observed. This apparent lack of effect of floc size is even more evident in the cases where polymer conditioning was used with relatively constant CST and dF values for flocs of quite different average particle size. A similar invariance to floc size is evident for polymer doses of 0.1, 0.2 and 0.3%.
The results reveal that, over a limited size range at least, floc structure is a major determinant of capillary suction time (sludge dewaterability). On the other words, Certain amount of polymer can make a population of flocs with a range of particle distribution and similar floc structure. Different amount of polymer make different floc structure, therefore improve sludge dewaterability at different scale.
If indeed, CST is not influenced by floc size, a plot of CST as a function of dF would appear to be of some operational value. Such a plot is shown in Figure 3 .
A rationalisation of this apparent sole dependence of CST on floc structure is that the very loose flocs formed on polymer addition coalesce into a network of similar porosity to the individual flocs when placed in the CST cell (or placed on a dewatering belt) and any "memory" of individual floc size is lost (indeed, is unimportant). In this case, transport of fluid through intra-floc pores would be expected to be principally responsible for sludge dewatering. This may not be the case if the flocs were initially more compact and retain some individual character. In this case, inter-floc fluid transport may be more important than intra-floc transport. In this event, floc size would be expected to be an important determinant of sludge cake porosity.
It should also be noted that we have made no comment on the possibility of compaction of the sludge cake on application of vacuum or pressure. While such effects may not be critical for low pressure/vacuum systems such as a belt filter unit, they may be of considerably greater importance for units such as pressure filtration devices where the compaction force on the cake is considerably greater. In this event, we would expect to lose any significant correlation between individual floc characteristics and sludge dewaterability. 
